Abstract-An extrinsic X-ray fiber sensor with improved sensitivity is presented. The developed device is based on an inorganic scintillator (terbium-doped gadolinium oxysulfide) attached to a polymer fiber tip. Sensitivity improvement has been accomplished by modifying the fiber tip in two ways: by thermomechanical tapering and by chemical etching. Thus, the useful surface in contact with the scintillator increases, and so the fluorescence light gathering capability. All the fabricated devices have been tested under X-ray irradiation from a Linac at a dose rate of 300 monitor units/min, with a readout every 100 ms. The obtained results shown a signal improvement of up to 43 times when compared with previous reported proposals using inorganic scintillators and polymer fibers. Moreover, the recorded signal under the same measurement conditions can be further improved if the inorganic scintillator is used in powder format instead into an epoxy matrix.
detecting any uncontrolled radiation. Indeed, the American Radio-Medicine Association recommend the presence of sensors in both close patient vicinity and treatment room [13] . There are a number of different techniques available for monitoring radiation doses, with the most common including thermoluminescent dosimeters (TLDs), diodes, metal oxide semiconductor field effect transistors (MOSFETs) and optical fibre sensors. Each option has relative strengths and weaknesses and a number of detailed reviews are available that highlight the merits of each [13] [14] [15] [16] . For a detailed summary of in vivo dosimeters for radiotherapy applications, see table 1 from Mijnheer et al. [14] .
A current trend in this field, is the use of extrinsic polymer optical fiber (POF) based dosimeters or detectors [6] , [8] , [10] [11] [12] . These arrangements add the well-known advantages of the use of optical fibers, such as immunity to electromagnetical interferences, small size and weight, multiplexing capabilities, to the easy handling and low cost of the POF. Since the fiber itself is not sufficiently radiation sensitive for low dose applications, a suitable transducer must be added to the fiber. Rare earth doped phosphors have been successfully applied for this purpose [6] , [17] , [18] . Then, the operational principle of such extrinsic sensors is the radiation induced fluorescence, in which the impinging radiation on the phosphor release visible light that is gathered by the POF and driven to the optoelectronics unit to be measured [10] . The suitable phosphor is dependent on both the nature of the radiation to be detected and the energy of the photons belonging to such radiation. Thus, several phosphors have been tested for different radiation ranges [17] . In any case, the fluorescence light is very weak, therefore the optoelectronics units to measure it are very high demanding ones. Therefore, either high gain electronics or photomultipliers are the usual choice.
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In this work, different radiation transducers have been fabricated in order to improve the light gathering by the fiber. The main contribution is the modification of the fiber tip where the phosphor is deposited. Thus, two methods of fiber modification have been used. One is based on chemical etching, which removes the cladding and part of the fiber core. The second procedure obtains an exponential profile by heating the fiber while is gently pulled. In this case, the cladding-core structure is kept although with different thickness. Both cases contribute to increase the fluorescence signal when compared with previously developed transducers. Also different scintillator formats have been tested. The different transducers have been compared under X-ray irradiation in a linear accelerator (linac) radiotherapy unit (Siemens Oncor Avant Garde) at the Galway Clinic (Galway, Ireland) releasing photons with 6 MV energy. The obtained results show a significant improvement in the measured signal, which leads to a sensitivity increase beyond forty times. These results can contribute to the development of more sensitive detectors applied to either clinical dosimetry or radio protection with a reduced cost, since the requirements for the optoelectronics detection unit can be relaxed.
II. TRANSDUCERS FABRICATION
AND EXPERIMENTAL SETUP As outlined above, the main target of this work is to increase the fluorescent signal gathering by a polymer optical fiber covered with a phosphor when X-ray irradiated. Thus, different transducer configurations have been prepared to compare their performance under the very same irradiation conditions. All sensors are consistent in the fiber used, a PMMA optical fiber 1mm diameter, and also in the phosphor used for transducing X-ray radiation into visible light. In our case, the scintillating material is a Gadolinium Oxysulfide powder (GADOX) doped with Terbium as rare earth (Gd 2 O 2 S:Tb), since it has demonstrated the highest sensitivity to radiation energies found in radiotherapy facilities [8] .
All the samples have been made following the procedure described by Fitzpatrick et al. [6] and McCarthy et al. [7] , [18] . Thus, the scintillating medium is a mixture of the scintillating material (GADOX) with general purpose epoxy resin (EVO-STICK Epoxy Control). This mixture has been manually done at ambient temperature, and is to be attached at the fiber tip. High quality mixture can be obtained with a careful stirring of both components, namely scintillator and epoxy. This feature will be the key point in getting an optimized readout of the transducers since a high air bubbles density could act as scattering centers reducing the number of photons gathered by the optical fiber.
Three different samples have been prepared with different fiber tip profile. Then in the first sample, labeled as LM-1 in table 1, the outer jacket is simply stripped off in an approximately 2 cm length and the fiber tip polished. The second sample, labeled as LM-2 in table 1, keeps approximately the same length of exposed fiber, but the fiber diameter is homogeneously reduced by chemical etching with pure acetone to a diameter of 880 μm [19] [20] [21] . With this procedure, cladding and part of the core of the fiber distal end is removed. And finally, the third sample, labeled as LM-3 in table 1, also has approximately the main features of the previous ones, although in this case a tapering of the fiber tip is done following a thermomechanical procedure [22] , in which the fiber is gently stretched while heated in such a way that the structure core-cladding is kept but the diameter is exponentially reduced up to 530 μm.
In all samples, the above depicted scintillating medium is slowly poured into a mould fixed at the fiber tip from bottom to top, with the aim of minimizing the air bubbles density around the fiber. This mould gives a scintillating cylinder of about 2 cm length and 5 mm diameter deposited around each fiber tip, which acts as the transducer with the X-rays. Then, a pictorial representation of each sample is shown in Fig 1a. As can be seen, in sample LM-2 the scintillating medium is in direct contact with the fiber core, while samples LM-1 and LM-3 keep a core-cladding structure. There is no visible external difference in the fiber sensors, then the three show the external view seen in Fig 1b, while having a cross-section as shown in Fig. 1c . As can be seen from this latter figure, some air bubbles appear in the scintillating mixture, although the density is low enough to effectively couple fluorescence light into the fiber.
The scintillating volume is approximately the same for samples LM-2 and LM-3 (our estimate gives a difference of less than 2% in volume), this volume is approximately 13% lower when the plain fiber is used (sample LM-1). This fact is due to the additional fiber tip processing, which reduces the fiber volume inside the scintillating matrix. Finally, the sensor head is black shielded to prevent any spurious contribution from ambient light to the recorded fluorescent signal.
Furthermore, all the developed devices share the same transducer features, and they all show the reliability, stability and repeatability reported in [7] and [9] . Furthermore, successive X-ray exposure render approximately the same response [9] . Since the scintillation ceases when the irradiation does, the lifetime of the devices is mainly affected by the accumulated dose, which induces some attenuation in the optical fiber. However, a significant effect of such radiation induced attenuation appears after a large dose, in the range of the kGy, although the fiber transmittance recovers almost completely in a few hours after irradiation stops [23] .
The experimental setup is the depicted in Fig. 2 . The transducers were tested at the radiotherapy facility at the Galway clinic using the Siemens Oncor Avant Garde linear accelerator with a source to sample distance of 100 cm. The transducers were fixed on a 10 cm water equivalent material to reduce any backscattering and were exposed to 6 MV high energy X-ray photons for a total dose of 100 MU (where 1MU is approximately 1cGy) at a dose rate of 300 MU/min. The distal end of a 20 m length fiber is attached to a Multi-Pixel Photon Counter (MPPC) from Hamamtsu Photonics, providing a readout of the optical signal every 100 ms.
III. EXPERIMENTAL RESULTS
Each sensing head has been irradiated following the procedure depicted above. The result obtained with the unaltered fiber, sample LM-1, is the shown in Fig. 3a , in which the irradiation interval of 20 s is clearly seen with an over impulse when the irradiation starts. After taking precautions to minimize the air bubbles density, the recorded signal can be almost doubled, as seen in Fig. 3b . In this figure, the comparison between an optimized transducer (solid line) and a transducer with air bubbles (dashed line) is plotted. As can be appreciated, the sensor response is high enough to identify the irradiation time with good stability in both cases. But, while the un-optimized transducer provides an average readout of 1.5×10 4 photon counts, the optimized one increases this value to 2.2×10 4 photon counts. The peak in signal at the beginning of the beam-on phase, is inherent to the linear accelerator and not an over-response of the sensor. Following the same procedure, the etched and tapered samples were irradiated under the same conditions. The obtained results are summarized in Fig. 4 , in which the single fiber tip has been plotted in dotted line, the tapered fiber in dashed line and the etched fiber in solid line. As can be seen, all traces show the same over impulse at the irradiation starting point, and while the tapered fiber renders a signal one order of magnitude larger that the single fiber tip, this improvement in sensitivity increases to 43 times in the case of the etched fiber. Furthermore, since the irradiation time is of 20 s and the readout is given every 100 ms, the recorded signal is formed by 200 consecutive values. It is straightforward to see that the mean value change for each device, however the standard deviation remains constant at about 1.5 % for the three transducers.
Therefore, although all devices are capable to detect the X-ray irradiation, the recorded signal clearly depends on the fiber tip modification. The reason for such behavior is that response of the single fiber tip is mainly limited by the solid angle defined by the numerical aperture of the fiber and the mean free path of the visible fluorescent photons inside the scintillating mixture. In the case of the tapered and etched fiber tips, the fiber gathering surface increases, since the whole length can effectively couple light into the fiber. The difference between these two devices arises from the direct contact between the scintillating mixture with the remaining fiber core in the case of the chemically etched fiber.
The inspection of Fig. 4 points out to a characteristic spectral feature in the recorded signal with the etched fiber, which looks like a wave-packet. However, a detailed analysis in the frequency domain of the signals recorded with the three sensors, does not reveal any difference between them but the amplitude level, as can be observed in Fig. 5 .
Moreover, although it has been proved that the etched fiber tip renders a higher signal than the tapered one, the procedure to modify the fiber tip is more reproducible in the case of the thermomechanical tapering. Therefore, an additional test with a fiber tip exponentially tapered was done. The difference with the sample LM-3 is the attachment form of the scintillator to the fiber surface. The fiber was tapered to a final diameter of 670 μm with 21mm length. And instead using the phosphor-epoxy resin mixture, the phosphor was used directly in powder format. Thus, a capsule 27 mm length and 6.4 mm diameter, internally coated with a white tile, was filled with about 1g of Terbium doped GADOX, and the fiber tip inserted into the capsule, so that its surface is completely covered by the phosphor powder. As in the previous tests, this transducer was black shielded to circumvent ambient light effects. A comparison between the response of this later transducer and that obtained with sample LM-3 (tapered fiber tip plus scintillating epoxy mixture) is shown in Fig. 6 , where a significant increase in the recorded signal is easily appreciated in the case of phosphor powder transducer (solid line) over the epoxy transducer (dashed line). Indeed, the signal level is even higher than that obtained with sample LM-2 (the etched fiber tip plus scintillating mixture), which was the most sensitive of those fabricated with the phosphor-epoxy mixture.
Thus, a transducer fabricated with a tapered fiber tip plus the phosphor powder contributes to get a higher signal-tonoise ratio. In this case, part of this sensitivity increase comes from the fact that the amount of used GADOX in the transducer is larger than in the previous device, 1 gr of phosphor powder versus 0.5 gr used with the scintillating epoxy matrix. However, using the powder also allows a larger mean free path of the photons through the phosphor.
IV. CONCLUSIONS
The effects of fiber tip modification in the performance of extrinsic ionizing radiation sensors based on polymer optical fiber have been experimentally demonstrated. The basic scintillating material used has been a mixture of Terbium doped GADOX and an epoxy resin matrix used for immobilizing it on the fiber surface. All the fabricated devices share the main fiber tip length and final diameter in order to compare the fiber tip modification effect on the fluorescent light gathering. All of them have been irradiated under the same conditions at the radiotherapy unit of the Galway clinic in Limerick, Ireland. The used linac releases 6 MV high energy photons that excites the fluorescence of the scintillator, which is gathered and guided to a distal MPPC by a PMMA optical fiber.
Thus, from a basic design in which a single fiber tip, grinded and polished, the fluorescence signal gathered by the optical fiber has been steeply improved by thermomechanically tapering the fiber tip with an exponential profile, which improves the recorded signal by a magnitude order. The best recorded signal has been obtained after a fiber tip chemical etching. In this case, the signal improvement reaches up to 43 times with respect to the single fiber tip. These improvements come from the increase of the active light gathering surface, being the key point for getting the higher sensitivity the direct contact between scintillator and fiber core.
However, since the thermomechanical procedure is a more reproducible one, a further test with the plain phosphor powder as transducer has also been proposed and tested. The recorded signal is even higher than with the etched fiber, but without the evidence of the wave-packet like feature. In this case, the scintillating material amount is slightly larger than in the previous devices, which is the main cause of such a high signal level, together with the larger mean free path of the fluorescence photons. Therefore, optimized devices can be easily fabricated, being the only constraint the transducer size. Actually, the main difference comes from the use of a larger active surface for fluorescence light gathering.
